The time evolution of the state populations in the v ϵ n − ᐉ −1=2 and 3 metastable cascades of antiprotonic helium (p 4 He + ) atoms were studied using laser spectroscopy. The antiprotonic states ͑n , ᐉ͒ = ͑39, 35͒, (40,36), and (41,37) in the v = 3 cascade were estimated to initially contain, respectively, ͑0.28± 0.04͒%, ͑0.06± 0.02͒%, and ͑0.02± 0.01͒% of the antiprotons stopped in the helium target, while the corresponding values for states ͑37, 34͒, ͑38, 35͒, and ͑39, 36͒ in the v = 2 cascade were ͑0.21± 0.04͒%, ͑0.49± 0.07͒%, and ͑0.19± 0.07͒%. The shortening of the state lifetimes due to collisions between pHe + and helium atoms was studied. As the atomic density of the target was increased from =2ϫ 10 20 to 2 ϫ 10 21 cm −3 , the lifetime of state ͑37, 34͒ decreased by an order of magnitude, whereas the higher states ͑38, 35͒ and ͑39, 35͒ were relatively unaffected. Between densities =6ϫ 10 20 and 2 ϫ 10 22 cm −3 , a short-lived component with a time constant ϳ 0.2 s appeared at early times in the delayed annihilation time spectrum of pHe + , while the total fraction of long-lived antiprotons decreased from 3.0 to 2.5%. These effects were caused by the lifetime-shortening of specific pHe + states such as ͑37, 34͒.
I. INTRODUCTION
When antiprotons are stopped in a helium target, a 3% fraction survive with an average lifetime avg =3-4 s [1] [2] [3] [4] [5] [6] by forming metastable antiprotonic helium ͑pHe + ϵ p − +He 2+ + e − ͒ atoms [7, 8] . In this paper, we study the initial distributions of these atoms over principal ͑n͒ and orbital angular momentum ͑ᐉ͒ quantum numbers in the v ϵ n − ᐉ −1=2 and 3 metastable cascades using a laser spectroscopic method. The effect of collisions between pHe + and ordinary helium atoms on the atomic cascade is also studied. The measurements were made using pulsed and continuous types of antiproton beam [9, 10] supplied by the Low Energy Antiproton Ring ͑LEAR͒ of CERN. Although the experiments reported here ended in 1996 with the closure of LEAR, there is renewed interest in these unpublished data, in light of recent results [11, 12] produced at CERN's Antiproton Decelerator ͑AD͒.
Experimental [12] [13] [14] [15] [16] [17] [18] [19] and theoretical studies have shown that five phases can be discerned in the life history of metastable pHe + . (i) Capture: when an antiproton collides with a helium atom at electron-volt energies, it may replace one of the electrons orbiting the helium nucleus, and become captured into a pHe + state. This occurs [12, [20] [21] [22] [23] [24] [25] [26] [27] [28] with the highest probability into states with n-values of about n ϳ n 0 ϵ ͱ M sponds to an antiproton orbital with the same radius and binding energy as the displaced 1s electron. Auger emission of the second electron is suppressed for states with large ᐉ values ( Fig. 1) [7, 8, 29] . (ii) Thermalization: the pHe + atom initially recoils with roughly the same momentum as the incoming antiproton, but cools down within picoseconds by colliding with the surrounding helium atoms. (iii) Metastable cascade: The antiproton cascades down through several metastable levels by making successive radiative transitions with lifetimes =1−2 s, these being primarily of the type ⌬n = ⌬ᐉ = −1 that keeps the vibrational quantum number v ϵ n − ᐉ −1 [30] [31] [32] constant. The states can therefore be grouped into the cascade sequences v =0,1,2,3.... (iv) Auger decay: The antiproton finally reaches a short-lived state, from which Auger decay to an ionic state occurs within a few nanoseconds [8, 22, 33] . (v) Stark mixing and annihilation: the antiprotonic ᐉ-levels in the daughter pHe 2+ ion are degenerate, so that collisional Stark effects mix the antiprotonic states with the S, P, and D states at high n, causing immediate annihilation [34, 35] . The consequence of the above sequence of events is that the measured lifetime of antiprotons exhibits a slowly decaying component in the delayed annihilation time spectrum, extending for several microseconds from the instant they were stopped in the helium target.
Laser spectroscopic studies of the primary populations P ͑n,ᐉ͒ ͑t =0͒ [i.e., the number of antiprotons populating a state ͑n , ᐉ͒ at atomic formation, normalized to the total number of antiprotons stopped in the target] and lifetimes of pHe + were started at LEAR [13] [14] [15] [16] [17] , which delivered antiprotons as either a single high-intensity pulse containing 3 ϫ 10 7 -1ϫ 10 9 antiprotons and lasting ⌬t ϳ 200-300 ns, or as a continuous, low-intensity beam at rates ϳ10 4 p / s. Metastable pHe + atoms were produced by stopping either variety of beam in a helium target. They were irradiated with a resonant laser pulse, which induced antiproton transitions between adjacent pairs of metastable and short-lived pHe + states (Fig. 1) . This forced the immediate annihilation of antiprotons populating the metastable state, thereby producing a sharp spike in the delayed annihilation time spectrum. In the example spectrum shown in Figs. 2(a) and 2(b) measured using, respectively, the pulsed and continuous types of antiproton beam, the laser transition ͑n , ᐉ͒ = ͑39, 35͒ → ͑38, 34͒ at wavelength = 597.3 nm was induced at t = 1.6 s. The intensity of the annihilation spike was proportional to the population P ͑39,35͒ ͑t͒ in the parent state at t. By adjusting the timing of the laser pulse between t = 0.3 and 10 s, the time evolution of P ͑39,35͒ ͑t͒ was measured, from which the primary population P ͑39,35͒ ͑t =0͒ was estimated by extrapolating the data to t =0.
Both types of antiproton beam had advantages and disadvantages; in experiments using the pulsed antiproton beam [36] , large numbers of pHe + were produced simultaneously in a way which allowed the state populations at very early times ͑t = 0.3 s͒ to be studied [11, 12] . The spectra, however, contained a large background caused by delayed positrons (i.e., those produced by [36] , which could not be eliminated or accurately quantified due to the analog nature of the measurement (see Sec. II). This made it difficult to estimate the absolute number of antiprotons populating the pHe + states, normalized to the total number of stopped antiprotons. In experiments using the continuous antiproton beam, pHe + were produced in an event-byevent manner, allowing the antiprotons occupying individual metastable states to be accurately counted under backgroundfree conditions. Due to technical reasons (see Sec. II), however, the laser could not be fired at time regions t Ͻ 1.6-1.8 s [14] . We therefore used the pulsed antiproton beam to measure the relative values of the populations at early times, then relied on spectra obtained using the continuous beam to correctly normalize them.
We recently used the AD to study the primary populations of 20 metastable states in the isotopes p 4 He and p 3 He [12] . The region n = 37-40 accounted for nearly all of the observed 3% fraction of antiprotons captured into metastable states, which agreed with the estimation of Eq. (1). Unlike LEAR, however, the AD can produce only a pulsed antiproton beam, with a significant
+ background in the measured pHe + spectra. The work of Ref. [12] , therefore, critically depended on comparisons with the data and analysis reported here to obtain accurate values on the primary populations.
In a previous paper [17] , the shortening of the state lifetimes caused by collisions between pHe + and helium atoms was studied. State ͑39, 35͒ had a lifetime ͑39,35͒ = 1.5± 0.1 s, which was relatively unchanged between atomic densities of the helium target =2ϫ 10 20 In the present work, we measured the effect of collisions on the population evolution of states in the v = 2 and 3 cascades, at densities between =2 ϫ 10 20 and 1.2ϫ 10 22 cm −3 . Systematic measurements of the delayed annihilation time spectrum undisturbed by laser irradiation were also made at densities =6ϫ 10 20 −2 ϫ 10 22 cm −3 . The deduction and normalization of the primary populations is a complicated task, but it has been done and presented here. The paper is organized in the following way. Section II describes the laser spectroscopy experiments of pHe + using pulsed and continuous antiproton beams in some detail. Precise measurements of populations depend on a variety of factors, the estimations of which are presented in Sec. III. The experimental data on the v = 2 and 3 metastable cascades of pHe + are described in Sec. IV. Finally, some discussions and conclusions are given in Secs. V and VI. FIG. 3 . Schematic layout of the experiments using pulsed (top) and continuous (bottom) antiproton beams.
FIG. 2.
Delayed annihilation time spectrum measured using a pulsed antiproton beam, with the resonance transition ͑n , ᐉ͒ = ͑39, 35͒ → ͑38, 34͒ at wavelength = 597.3 nm induced at t = 1.6 s (a). The hatched area represents the estimated contribution of
The background-free spectrum was measured using a continuous antiproton beam at the same target conditions, the spike was induced at the same timing (b).
II. EXPERIMENTAL METHOD

A. Experiments using a pulsed antiproton beam
In Fig. 3 (upper half), the experimental layout wherein 200-300-ns-long pulses containing between 3 ϫ 10 7 and 1 ϫ 10 9 antiprotons with kinetic energy E = 21 MeV were injected into a cryogenic helium target is shown [36] . The intensity, time structure, and XY profile of these pulses were measured by a parallel plate ionization chamber [37] placed in the beam upstream of the target. The target [17] was a 150-mm-long, 70-mm-diam stainless-steel cylinder, into which the antiprotons entered through a 0.5-mm-thick copper-beryllium window. A 20-mm-diam quartz window was affixed to the opposite end of the chamber to admit the laser beam. Measurements were made using helium gas at pressures P = 0.1-3.5 bar and temperatures T = 5.8-6.6 K. Hereafter we express each target condition in atomic density (in cm −3 ), pressure P (in bar), and temperature T (in degrees Kelvin).
Some 97% of the antiprotons annihilated promptly after stopping in the helium, whereas 3% of them formed between 1 ϫ 10 6 and 3 ϫ 10 7 metastable pHe + atoms with an average lifetime avg =3-4 s against annihilation. The charged pions emerging from these annihilations produced Cherenkov light in 2-cm-thick acrylic detectors placed around the target [36] . Neutral pions also emerged, and decayed into ␥-ray pairs with a lifetime = 0.08 fs [38] . An estimated 30% of the ␥ rays converted into electron and positron pairs while traveling through the target walls, and these also produced Cherenkov light in the acrylic plates. The rate of annihilations was so high that individual particles could not be resolved. Instead, the Cherenkov detector produced a single continuous light pulse consisting of an extremely bright, 200-300-ns-long flash from the promptly annihilating antiprotons, followed by a much longer ͑⌬t ϳ 20 s͒ but less intense tail from delayed annihilations of the metastable pHe + . This light envelope was detected by a gateable finemesh photomultiplier [36] , and the analog wave form of the anode signal was recorded by a digital oscilloscope [ Fig.  2(a) ]. The photomultiplier was deactivated during the initial flash, in order to suppress the strong burst of photoelectrons which would otherwise saturate the detector or produce spurious afterpulse signals [36] . Due to this gating, however, information about the prompt annihilation could not be obtained. Afterwards the detector was reactivated so that the delayed annihilation was observed starting from t ϳ 0.2 s. The spectrum contained a strong background with a time constant ϳ 2 s, produced in the following way: (i) the low-energy + -mesons emerging from the annihilations stopped in the target walls or in the detector, (ii) these decayed into positive muons with a lifetime =26 ns [38] , and further decayed into positrons with a lifetime = 2.2 s and average energy E = 40 MeV, (iii) some of these positrons struck the detector and produced delayed Cherenkov photons. This background could not be distinguished from the signal produced by the metastable atoms, which contained multiple decay components with lifetimes = 0.2-5 s. The − -mesons did not produce a long-lived background, since they formed − atoms and were absorbed immediately by the atomic nuclei [39] .
The metastable atoms were irradiated by laser pulses fired into the target, collinear with the antiproton beam but in the opposite direction. Two sets of dye lasers pumped by XeCl excimer lasers were used to produce 15-mm-diam, 40-ns-long laser pulses with bandwidths ⌫ ϳ 6 GHz and energy densities ⌰ ϳ 1 mJ/cm 2 . By independently adjusting the timings of the two lasers relative to the arrival time of the antiprotons, pHe + transitions were induced at various times between t = 0.3 and 10 s. The transition wavelengths shifted by 1 -10 GHz [11, 19] as the target density was increased, and so the laser wavelength was corrected for this shift.
B. Experiments using a continuous antiproton beam
The layout of the experiment using a continuous antiproton beam is shown in Fig. 3 (lower half) [13, 17, 40] . Antiprotons were injected into the target at a rate f ϳ 10 4 s −1 . Since the metastable pHe + annihilated with an average lifetime avg =3-4 s, only one atom existed in the target at a time. The arrival of each antiproton was detected by a 0.5-mm-thick plastic scintillation beam counter positioned upstream of the target. Its annihilation was identified with 99.7± 0.1% efficiency by seven shower counters surrounding the target. The annihilation time was thus measured relative to the time of passage of the antiproton through the beam counter. The background due to
+ decay was rejected by requiring the simultaneous detection of at least two pions produced in an annihilation event [40] . In this way, a background-free spectrum containing 10 6 -10 8 events which showed both the prompt and delayed annihilations was obtained [4, 6] . The laser pulses reached the target at t = 1.6 s [ Fig. 2(b) ] or later, this being the minimum delay achievable by the method of identifying the randomly occurring metastable events, and then triggering the excimer lasers.
III. ESTIMATION OF THE PRIMARY POPULATIONS
A. General method
The primary populations P ͑n,ᐉ͒ ͑t͒ were estimated using the following formulas,
the variables being (i) f trap : the probability of a stopped antiproton forming a metastable atom and surviving more than 20 ns, (ii) f delayed : the number of delayed events (those appearing later than t = 20 ns in the delayed annihilation time spectrum) normalized to the total number of annihilations, (iii) f nuc : the probability of an antiproton undergoing an inflight nuclear reaction and annihilating, (iv) I: the measured intensity of the laser-induced annihilation spike, normalized to the total number of delayed annihilations, (v) : the efficiency of the laser pulse depleting the metastable population in the resonance parent state, (vi) f stop : the probability of an antiproton stopping in the volume of the helium target irra-diated by the laser, (vii) f back : the contribution of background events in the delayed annihilation time spectrum caused by
In the proceeding subsections, we will discuss these factors and estimate their values.
B. Estimations of stopping distributions and in-flight nuclear reactions
A Monte Carlo simulation of antiprotons slowing down and stopping in the helium target was made, using the experimental values for the energy loss [41, 42] and including the multiple scattering effect according to the Moliere distribution, and the energy straggling effect according to the Vavilov distribution. The antiproton beam passing through the copper-beryllium window was estimated to have a large emittance ͑⌶Ͼ500 mm mrad͒, kinetic energy distribution ͑E =1-2 MeV͒, and diameter ͑d =8-10 mm͒, so that they stopped in a relatively large volume in the helium depending on the target density. The average energy of the antiprotons emitted from the window was adjusted by varying the thickness t d of polyimide (Ube Industries Upilex-S) degrader foils inserted in the beam upstream of the target; the fraction f stop of antiprotons stopping in the volume of helium gas irradiated by the 15-mm-diam collinear laser beam, to the total number of stopped antiprotons, was thus maximized. In Fig.  4 (a), the simulated dependence of f stop on t d is shown at a target density =9ϫ 10 20 cm −3 (P = 0.6 bar, T = 5.5 K); the maximum value f stop ϳ 90% was obtained at t d = 0.13 g / cm 2 , the corresponding stopping distribution of which is shown in Fig. 4 During the experiment, the degrader thickness t d was adjusted so as to maximize the intensity of the laser-induced annihilation spike appearing in the delayed annihilation time spectrum (Fig. 2) . This experimentally-optimized thickness t d was within ±0.01 g / cm 2 of the value predicted by the above simulation. Slightly smaller values of t d were used during measurements of pHe + time spectra undisturbed by the laser irradiation (see proceeding subsection), thereby ensuring that very few antiprotons annihilated in the entrance window of the target.
The fraction f nuc of antiprotons that underwent in-flight nuclear reactions (i.e., high-energy antiprotons colliding with the atomic nuclei and annihilating) in the beam detector, degrader foil, copper-beryllium window, or helium gas was also estimated in the above Monte Carlo simulation. We tracked the trajectories of 10 6 simulated antiprotons fired into a helium target of density =9ϫ 10 20 cm −3 (P = 0.6 bar, T = 5.5 K), until they stopped or annihilated in-flight. The simulation used the following cross-sections an of antiproton annihilation on various target nuclei; (i) hydrogen: the experimental cross section of the p + p reaction measured at antiproton momenta between p = 40 and 200 MeV/ c [43] were utilized, whereas theoretical values [44, 45] at p Ͻ 40 MeV/ c where no experimental data exists, (ii) helium: experimental an values at momenta p = 50-70 MeV/ c [46] , and theoretical values [45] at lower and higher momenta were used, (iii) heavier nuclei: the cross sections of antiproton annihilation on nuclei of atomic number A Ͼ 10 at momenta p = 0 -200 MeV/ c were estimated by an unified optical model [47, 48] . The an values of the reaction p + Ne obtained from this model agreed with experimental data measured at p = 60-190 MeV/ c [49, 50] . We thus assumed in the simulation that as the antiprotons decelerated from p = 200 to 20 MeV/ c, the cross sections for the annihilation reactions p + He, p + C, and p + Cu, respectively, increased from an = 0.4 to 3 b, 0.7 to 6 b, and 2 to ϳ40 b. In Fig. 5 , the range curve of annihilations along the longitudinal direction of the antiproton beam due to in-flight reactions (represented by the hatched area), and those due to pHe + atomic formation (unshaded area) are compared. Of the 10 6 simulated antiprotons, an estimated f nuc ϳ 3% underwent inflight reactions, most of these occurring in the degrader foil and copper-beryllium window which appear as a sharp spike near z = 0 mm. The simulation may be unreliable at very low antiproton energies, particularly in the sub-keV region where the cross section of atomic formation becomes larger than an .
C. Total yield f trap of metastable pHe + atoms
We next measured the fraction of metastable atoms f trap produced per stopped antiproton. In Figs. 6(a)-6(c), delayed annihilation time spectra measured at three target densities using the continuous antiproton beam are shown. At a density =6ϫ 10 20 cm −3 (P = 0.5 bar, T = 6.4 K), the spectrum showed a 10-20-ns-wide prompt annihilation peak containing 97% of the antiprotons, and a long-lived component decaying with an average lifetime avg =4 s. In superfluid helium at a temperature T = 1.8 K (corresponding to a density =2ϫ 10 22 cm −3 ) [51] , a larger fraction of antiprotons annihilated at early times, causing a short-lived component with a lifetime short = 0.2 s to appear.
In Fig. 7 (a) and Table I , the fraction f trap of antiprotons surviving more than t meta = 20 ns after stopping are presented As the density was increased from =6ϫ 10 20 to 2 ϫ 10 22 cm −3 , the fraction f trap decreased from ͑3.0± 0.1͒% to ͑2.5± 0.1͒%. In the same density range, the atoms that survived more than 1 s and 5 s [Figs. 7(b) and 7(c) ] respectively decreased from f tϾ1 s = ͑2.2± 0.1͒% to ͑1.3± 0.1͒%, and from f tϾ5 s = ͑0.9± 0.1͒% to ͑0.3± 0.1͒%. This shows that collisions between pHe + and helium atoms affect the delayed annihilation time spectrum in both nanosecond-and microsecond-scale time ranges.
D. Estimation of the depletion efficiency
The efficiency of the laser pulse depleting the population P ͑n,ᐉ͒ ͑t͒ in the parent state of the transition ͑n , ᐉ͒ → ͑nЈ , ᐉЈ͒ [i.e. = 1 if the laser induces all the antiprotons occupying ͑n , ᐉ͒ to annihilate, and = 0 when no such annihilations occur] was estimated from theoretical calculations. Generally, large values of are attained if two conditions are met: (i) the energy of the laser pulse is high enough to induce many Rabi oscillations within its duration ⌬t laser = 40 ns, (ii) the lifetime ͑n Ј ,ᐉ Ј ͒ of the daughter state is short compared to ⌬t laser . In Fig. 8(a) , a typical time profile of the laser pulse measured using a p-i-n photodiode is shown. It has a twopeak structure with a sharp peak in the first 10 ns. In Fig.  8(b) , an experimentally observed annihilation spike corresponding to the transition ͑39, 35͒ → ͑38, 34͒ at wavelength = 597.3 nm is shown. The dotted line represents the theoretical profile obtained by integrating the optical Bloch equation,
where the populations in the resonant parent and daughter states with a magnetic quantum number m are denoted by P 1m and P 2m , and the real and imaginary parts of the offdiagonal terms in the density matrix by P xm and P ym . The state lifetimes are denoted by 1m and 2m , and the detuning of the laser from the transition frequency by ⌬. The rate of dephasing collisions ⌫ m was estimated to be less than 0.5 GHz at the typical target densities studied here, based on separate measurements of the pHe + resonance profile. The frequency ⍀ m ͑t͒ /2 (in gigahertz) of Rabi oscillations between two states ͑n , ᐉ , m͒ and ͑n ±1,ᐉ −1,m͒ induced by a linearly-polarized laser pulse with a time profile ⌰͑t͒ [in kilowatts per cm 2 , see Fig. 8(a) ] can be calculated as
The dipole moment (in Debye) of the transition was derived using its spontaneous radiative rate 1 / (in hertz) and wavelength (in meters) as Gaussian having a full-width-at-half-maximum of 6 GHz, to simulate the effects caused by the finite laser bandwidth.
In Fig. 8(c) , the simulated time evolution of the population in state ͑39, 35͒ during irradiation with the laser pulse [ Fig. 8(a) ] is shown. The depletion efficiency was estimated to be = 90%. This agreed with the value (indicated by the closed circle with error bar) measured in a separate experiment wherein the pHe + was irradiated with two successive laser pulses (see Sec. IV). In Fig. 9 , experimental values of (plotted using closed circles) measured at various energy densities of the laser between ⌰ = 0.05 and 2 mJ/ cm 2 are shown. These were in good agreement with the theoretical values (solid line) estimated above using Eq. (3). The population measurements described below were all carried out at an energy density ⌰Ͼ1 mJ/cm 2 where the spike intensity was maximized and saturated at a value of ϳ90%.
E. Intensities of the laser-induced annihilation spikes
We now return to Fig. 2(a) , which shows the delayed annihilation time spectrum measured by injecting a 200-300 ns-long beam pulse containing 1 ϫ 10 8 antiprotons into a helium target at a density =8ϫ 10 20 cm −3 (P = 0.6 bar, T = 5.8 K). The laser transition ͑39, 35͒ → ͑38, 34͒ at a wavelength = 597.3 nm is induced at t = 1.6 s in the spectrum. As described in Sec. I, we cannot determine the population of state ͑39, 35͒ from this spectrum alone, because a fraction f back of it is background due to
In Fig. 2(b) , the spectrum measured using the continuous antiproton beam at the same target conditions is shown, with the 597.3-nm transition induced at the same timing. This spectrum is background-free (i.e., f back =0), so that a precise count of pHe + atoms can be obtained. The spike intensity I was derived by counting the number of annihilations under the spike, and normalizing to the total number of delayed annihilations. Using (i) the measured value of f trap , (ii) the values and f stop estimated from the above simulations, and (iii) Eq. (2), the population in state ͑39, 35͒ at t = 1.6 s was estimated to be P ͑39,35͒ ͑t = 1.6 s͒ = ͑0.12± 0.02͒%.
F. Estimation of the
To estimate the contribution f back of the
background appearing in the spectrum of Fig. 2(a) , a Monte Carlo simulation [36] was made using the GEANT version 4 program [52] . Computer models of the cryogenic target, Cherenkov detector, and surrounding material were generated. Each simulated annihilation produced secondary particles with experimentally known branching ratios and multiplicites. On average 1.5 + -mesons, 1.8 − -mesons, and ϳ2 0 -mesons were produced per p+ 4 He reaction, although in ϳ5% of the cases, more than seven mesons emerged [36] . To simulate the momentum distributions of these particles (with rest masses M i ), a simplified model was used where the kinetic energy E − ⌺ i M i produced in the annihilation (E = 1.9 GeV being the total energy of a p + p or p + n reaction) was distributed among them assuming a relativistic phasespace distribution. The momentum distribution of − 's simulated in this way [36] was found to agree with the experimental data for antiprotons annihilating on 4 He nuclei [53] in the momentum region p = 0.15-0.9 GeV/ c, both distributions showing maxima around p = 0.25 MeV/ c.
The trajectories of all the particles were followed until t =15 s. The important decay and reaction processes were simulated, such as ± → ± → e ± and 0 → 2␥ decays, multiple scattering, ionization, bremsstrahlung, e + e − annihilation and pair creation. The creation and propagation of the Cherenkov photons inside the detector was simulated, taking into account the optical attenuation, reflection, and scattering inside the radiator material. The quantum efficiency and time response of the photomultiplier was measured, and their effects were included into the simulation. The actual number of photoelectrons produced by the Cherenkov counter per incident particle was measured in a calibration experiment carried out at the 1.3 GeV electron synchrotron at KEK-Tanashi [36] , and the data used to correct the simulation. Some f trap = 50-60% of the analog spectrum [ Fig. 2(a + background, the relative intensity of the former spike was found to be smaller than the later spike by an amount which was compatible with the value 50-60% for f trap estimated by the above simulation.
IV. EXPERIMENTAL RESULTS
A. Population evolution of metastable states in the v = 3 cascade
The population in the last metastable state ͑n , ᐉ͒ = ͑39, 35͒ in the v = 3 cascade was measured by inducing the transition ͑39, 35͒ → ͑38, 34͒ at wavelength = 597. population of P ͑39,35͒ ͑t =0͒ϳ0.2%. The population and lifetime were relatively unaffected at densities between =2 ϫ 10 20 and 1 ϫ 10 22 cm −3 . To derive the populations in states ͑40, 36͒, ͑41, 37͒, and above in the v = 3 cascade (Fig. 1) , each atom was irradiated with two successive laser pulses tuned to the 597.3-nm transition, at independently varying times t 1 and t 2 [14] . In Figs.  11(a)-11(c) , the spectra measured with the first laser fixed at t 1 = 1.6 s while the second laser was scanned over three different timings t 2 = 1.8, 2.6, and 5.6 s are shown. Now the number of annihilation counts in the first laser spike is equal to P ͑39,35͒ ͑t 1 ͒, so that the population remaining in state ͑39, 35͒ after laser irradiation is equal to ͑1−͒P ͑39,35͒ ͑t 1 ͒. The state is then refilled by spontaneous feeding from ͑40, 36͒, the contribution of which can be determined by measuring the number of annihilations induced by the second laser at t 2 .
In Figs. 11(d)-11(g), the recovery of the population measured by the second laser pulse is shown (represented by closed circles), for cases where the first laser (closed squares) was fired at t 1 = 1.6, 2.6, 3.6, and 4.6 s. All these data points [including the population evolution measured using a single laser pulse shown in Fig. 11(h) ] were simultaneously fit with a cascade model describing a three-level sequence of ⌬n = ⌬ᐉ = −1 transitions with population changes
Of course, there are also contributions from Auger decay and radiative processes that change v ϵ n − l − 1, but calculations for a single isolated atom suggest that these contributions are all less than 10% [22, [30] [31] [32] . According to this model, the intensity I 1 ͑t 1 ͒ of the first spike [which is proportional to the population P ͑39,35͒ ͑t 1 ͒], and the intensity I 2 ͑t 1 , t 2 ͒ of the second spike [which contains information about the feeding into state ͑39, 35͒ from ͑40, 36͒ between t 1 and t 2 ] follow the analytical functions, The population evolution of state ͑39, 35͒ was measured using the pulsed (closed circles) and continuous (triangles) antiproton beams (d). All data were measured at a target pressure P = 0.5 bar and temperature T = 5.8 K.
The lifetime of state ͑39, 35͒ was fixed to the experimental value ͑39,35͒ = 1.5 s [17] . The result of the best fit are shown with solid lines in Figs. 11(d)-11(h) , and the deduced values of the state populations and lifetimes are presented in Table II . The estimated lifetime ͑40,36͒ = ͑1.4± 0.2͒ s of ͑40, 36͒ agrees with the theoretical radiative value [32] within the experimental errors. The primary populations of states ͑39, 35͒, ͑40, 36͒, and ͑41, 37͒ were estimated to be P ͑39,35͒ ͑t =0͒ = ͑0.29± 0.06͒%, P ͑40,36͒ ͑t =0͒ = ͑0.06± 0.02͒%, and P ͑41,37͒ ͑t =0͒ = ͑0.03± 0.02͒%, respectively. States with n ജ 41 apparently had very little metastable population. The measurement was repeated at a higher target density = 1.2 ϫ 10 21 cm −3 (P = 1.0 bar, T = 6.4 K), which yielded a similar result on the populations and lifetimes as shown in Table II. FIG. 11. Delayed annihilation time spectra measured by irradiating two successive laser pulses tuned to the transition ͑n , ᐉ͒ = ͑39, 35͒ → ͑38, 34͒ at wavelength = 597.3 nm, the first laser fired at t 1 = 1.6 s, the second laser at t 2 = 1.8 s (a), 3.6 s (b), and 5.6 s (c). Time variations of the resonance intensities for cases where the first laser (closed squares) is fired at t 1 = 1.6 s, and the second (closed circles) varied between t 2 = 2.4 and 9 s (d); corresponding measurements made at a t 1 value of 2.6 s (e), 3.6 s (f), and 4.6 s (g). Time variation of the resonance intensity was measured using a single laser pulse (h). Solid lines represent the best fit of a three-level cascade model.
B. Population evolution of metastable states in the v = 2 cascade
The population of state ͑37, 34͒ in the v = 2 cascade was measured by inducing the transition ͑37, 34͒ → ͑36, 33͒ with a single laser pulse tuned to a wavelength = 470.7 nm (Fig.  12) . The time evolution contained several decay components, indicating that sizable populations exist in the higher states of the cascade: at a target density = 1.9ϫ 10 20 cm −3 (P = 0.15 bar, T = 5.8 K), for example, the population decreased with an average lifetime avg = 3.0± 0.1 s and had a downward-curving shape at early times. This indicates a large feeding of antiprotons from the higher state ͑38, 35͒. As the density was increased to = 1.6ϫ 10 21 cm −3 (P = 1.1 bar, T = 5.8 K), however, the average lifetime decreased to avg = 1.8 s and a decay component with a lifetime short = 0.4 s appeared at early times in the spectrum. This indicates that the lifetime of ͑37, 34͒ was shortened due to collisional effects, in agreement with previous observations [17] . At a density = 1.2ϫ 10 22 cm −3 (P = 3.5 bar, T = 5.8 K), the corresponding lifetimes shortened further to avg Ͻ 0.5 s and short Ͻ 0.2 s.
Next, the population in state ͑38, 35͒ was measured by using a double-resonance technique [16] . In Fig. 13(a) , the annihilation spike of the 470.7-nm transition is shown, measured at density = 1.9ϫ 10 21 cm −3 (P = 1.3 bar, T = 5.8 K), whereas in Fig. 13(b) , the double-resonance transition ͑38, 35͒ → ͑37, 34͒ → ͑36, 33͒ induced by two simultaneous laser pulses tuned to the two transitions at wavelengths 1 = 470.7 nm and 2 = 529.6 nm is presented. The intensity of the spike in Fig. 13(b) constitutes a measure of the combined populations in two states ͑38, 35͒ and ͑37, 34͒, so that the population in the former state can be obtained by subtracting the contribution of the latter (Fig. 12) . In Figs. 13(c)-(f) , the population evolution of the two states measured at various target densities are shown. State ͑38, 35͒ had a primary population P ͑38,35͒ ͑t =0͒ = ͑0.49± 0.08͒% which decayed with an average lifetime avg = 2.0± 0.1 s, and these values were relatively unchanged at densities between =3ϫ 10 20 and 2 ϫ 10 21 cm −3 . The lifetime of state ͑38, 35͒ was determined by using the depletion-recovery method [17] . In Fig. 14(a) , the spectrum obtained by taking the difference between two delayed annihilation time spectra measured with and without the 470.7 -nm annihilation spike is shown, measured at a density = 1.9ϫ 10 21 cm −1 (P = 1.3 bar, T = 5.8 K). This depletionrecovery spectrum decays with the lifetime ͑36,33͒ ϳ 4 ns of the daughter state, the slight step-down discontinuity immediately after the spike caused by the loss of spontaneous TABLE II. Estimated lifetimes and populations of metastable states in the v = 3 cascade at two target densities, derived from the best fit of a three-level cascade model. Theoretical radiative [22, 32] and Auger [22, 33] rates are shown. FIG. 12. The population evolution of state ͑n , l͒ = ͑37, 34͒ measured at five target densities, using the resonance transition ͑37, 34͒ → ͑36, 33͒ at wavelength = 470.7 nm.
annihilation events following the forced annihilation at the laser spike [17] . The spectrum then recovers with the lifetime ͑37,34͒ ϳ 0.2 s of the parent state. Since these characteristics are valid regardless of the various channels that feed antiprotons into the two levels, this method constitutes a sensitive and unambiguous way of determining the state lifetimes. Here we expand this method to the case of the doubleresonance transition ͑38, 35͒ → ͑37, 34͒ → ͑36, 33͒, the depletion-recovery spectrum of which is shown in Fig. 14(b) . Although the spectrum initially decayed with a lifetime similar to the single-resonance case [ Fig. 14(a) ], it recovered more slowly due to the long lifetime of state ͑38, 35͒. The spectrum can be understood by the relevant three-level decay model depicted in Fig. 15 , where the radiative lifetimes of the states are denoted by ͑n,ᐉ͒ rad , and the feeding from adjacent
states by V ͑n,ᐉ͒ . The population evolution follows,
FIG. 13. The delayed annihilation time spectrum measured with a single laser pulse inducing the transition ͑n , l͒ = ͑37, 34͒ → ͑36, 33͒ at wavelength = 470.7 nm (a). The double-resonance transition ͑38, 35͒ → ͑37, 34͒ → ͑36, 33͒ induced using two simultaneous laser pulses tuned to 1 = 470.7 nm and 2 = 529.6 nm (b). Both spectra were measured at a target pressure P = 1.3 bar and temperature T = 5.8 K. The population evolution of (38,35) (closed circles) and (37,34) (triangles) measured at four target densities (c)-(f).
FIG. 14. The depletion-recovery spectrum of the transition ͑n , l͒ = ͑38, 35͒ → ͑37, 34͒ (a), and that of the double-resonance transition ͑38, 35͒ → ͑37, 34͒ → ͑36, 33͒ (b). Both spectra were measured at a target pressure P = 1.3 bar and temperature T = 5.8 K. The lifetimes of (38,35) (closed circles) and (37,34) (triangles) at various densities (c).
After the irradiation by the 470.7-nm and 529.6-nm laser pulses mix the populations in the three levels, the time evolution resumes the form implied by Eq. (8) with modified populations. Since the feeding from the surrounding states ͑V ͑n,ᐉ͒ ͒ are unaffected by the laser, the difference between the time spectra measured with and without the spike can be expressed in the form
where A 1 , A 2 , and A 3 are positive constants. The depletionrecovery spectrum implied by Eq. (9) therefore decays with the lifetime ͑36,33͒ of the short-lived state and recovers with the combined lifetimes ͑37,34͒ and ͑38,35͒ of the two metastable ones. By fitting Eq. (9) on the depletion-recovery spectrum obtained from Fig. 14(b) , and fixing the lifetimes of states ͑36, 33͒ and ͑37, 34͒ to their experimental values [17] , the lifetime of ͑38, 35͒ was determined as ͑38,35͒ = ͑1.5± 0.1͒ s. In Fig. 14(c) , the state lifetimes thus measured at four target densities are shown. The lifetime ͑38,35͒ was relatively unchanged, having values 0.9-1.3 s at densities between =3ϫ 10 20 and 2 ϫ 10 21 cm −3 , whereas ͑37,34͒ shortened from ͑1.1± 0.2͒ to ͑0.15± 0.06͒ s.
Lastly, the populations in state ͑39, 35͒ and above in the v = 2 cascade were estimated by irradiation with two successive laser pulses t 1 and t 2 tuned to the 470.7-nm transition. Measurements were made at three densities, =2 ϫ 10 20 cm −3 (P = 0.2 bar, T = 6.4 K), 7ϫ 10 20 cm −3 (0.6 bar, 6.4 K), and 1.2ϫ 10 21 cm −3 (1.0 bar, 6.6 K), as shown in Fig. 16 . In Table III and Fig. 16 (solid lines) , the results of the best fit of a three-level cascade model on the data at each density are presented. The lifetime of state ͑37, 34͒ was fixed to the experimentally measured value [17] . The primary populations in the three states at density =2ϫ 10 20 cm −3 were estimated to be P ͑37,34͒ = ͑0.21± 0.08͒%, P ͑38,35͒ = ͑0.40± 0.10͒%, and P ͑39,36͒ = ͑0.24± 0.06͒%. The populations were relatively unaffected as the density was increased from =2ϫ 10 20 to 1.2ϫ 10 21 cm −3 , although the lifetime of state ͑37, 34͒ decreased by an order of magnitude.
V. DISCUSSION
A. Primary populations
The primary populations in the v = 2 and 3 cascades were relatively unaffected as the target density was increased from =2ϫ 10 20 to 1.2ϫ 10 21 cm −3 (Tables II and III) . The values for states ͑37, 34͒, ͑38, 35͒, ͑39, 36͒, ͑39, 35͒, ͑40, 36͒, and ͑41, 37͒ averaged over all the data measured at various densities were P ͑37,34͒ ͑t =0͒ = ͑0.21± 0.04͒%, P ͑38,35͒ ͑t =0͒ = ͑0.49± 0.07͒%, P ͑39,36͒ ͑t =0͒ = ͑0.19± 0.07͒%, P ͑39,35͒ ͑t =0͒ = ͑0.28± 0.04͒%, P ͑40,36͒ ͑t =0͒ = ͑0.06± 0.02͒%, and P ͑41,37͒ ͑t =0͒ = ͑0.02± 0.01͒%, respectively. The largest population was observed in state ͑38, 35͒, which agrees with the estimation n ϳ n 0 =38 of Eq. (1). Using these results for calibration, a recent experiment [12] deduced the primary populations of nearly all the metastable states in both p 4 He + and p 3 He + , thereby accounting for all the 3% metastability observed here (Fig. 7) . Relatively little metastable populations were detected in states with n ജ 41, whereas theoretical calculations [21] [22] [23] [24] [25] [26] [27] [28] predict significant populations in states up to n ജ 50. As these theoretical populations do not take the effect of collisions between pHe + and helium atoms into account, however, they may not be directly comparable with the experimental results presented here which refer to atoms thermalized by many collisions. It has been suggested [54] that pHe + created in the n ജ 41 states recoil with such large kinetic energies that they are rapidly destroyed by collisions. Another study [55] suggests that the cross sections for collisional quenching of the n ജ 41 states are large, even after the pHe + atom has thermalized to the temperature ͑T ϳ 6 K͒ of the gas target. This is claimed to be due to the low activation barrier in the p 4 He + − He potential.
B. Density-dependent shortening of the state lifetimes
It is surprising that these atoms retain their metastability in dense gas, liquid, and superfluid helium targets, despite making many collisions with the surrounding helium atoms. Stark transitions induced by collisional effects, which destroy other types of antiprotonic atoms [56, 57] , are believed to be highly suppressed in pHe + ; this is because states of the same n-value are far from degenerate, the level energies increasing with ᐉ in steps of E ͑n,ᐉ͒ − E ͑n,ᐉ−1͒ ϳ 0.3 eV (Fig. 1) . Recently, a quantitative study of these transitions has been made [58] . (37, 34) and (36,33) before laser irradiation are denoted by P ͑38,35͒ ͑t͒, P ͑37,34͒ ͑t͒, and P ͑36,33͒ ͑t͒; the feeding from the surrounding states by V ͑n,l͒ ͑t͒. The double-resonance transition induced by two simultaneous laser pulses at wavelengths 1 = 470.7 nm and 2 = 529.6 nm modify the state populations from The present experiment and previous studies [17] show that even after thermalization, collisions with helium atoms continue to destroy the population in state ͑37, 34͒, while they leave the higher states ͑38, 35͒ and ͑39, 35͒ relatively unaffected. The decay rate of ͑37, 34͒ increased non-linearly with density, from the purely radiative value 1 / ͑37,34͒ 16 . Time-variation of the intensity of the resonance transition ͑n , l͒ = ͑37, 34͒ → ͑36, 33͒ measured using two laser pulses fired at timing t 1 (closed squares) and t 2 (closed circles) tuned to wavelength = 470.7 nm. Measurements were made at three target conditions: P = 0. At a target density =2ϫ 10 20 cm −3 , the primary population P ͑37,34͒ ͑t =0͒ = ͑0.21± 0.04͒% of state ͑37, 34͒ decreased with an average lifetime avg ϳ 3 s (Fig. 12 ), while at = 1.2ϫ 10 21 cm −3 , the lifetime shortened to avg Ͻ 0.5 s. A similar shortening behavior was observed at early times in the delayed annihilation time spectrum (Fig. 6) , which reflects the overall lifetime of pHe + against annihilation. As the target density was increased from =6ϫ 10 20 to 2 ϫ 10 22 cm −3 , a short-lived component with a ϳ0.2-s lifetime appeared, while the total fraction of atoms surviving more than t = 20 ns decreased from f trap = 3.0 to 2.5%. This similarity implies that the above short-lived component and the reduction of the metastable population at high target densities are partially caused by the lifetime-shortening of state ͑37, 34͒.
VI. SUMMARY AND CONCLUSIONS
We have developed a laser spectroscopic method to determine the absolute number of antiprotons populating individual states ͑n , ᐉ͒ of the pHe + atom. By evaluating all known sources of experimental error and background (such as the probability of an antiproton stopping in the volume of the helium target irradiated by the laser beam, spurious signals caused by the in-flight nuclear reaction of antiprotons, the non-unity efficiency of a resonant laser pulse inducing an atomic transition leading to antiproton annihilation, and the background caused by + → + → e + decay), the primary populations P ͑n,ᐉ͒ ͑t =0͒ were determined with experimental errors of 20-70%. To our knowledge, this constitutes the most precise measurement of the values P ͑n,ᐉ͒ ͑t =0͒ of an exotic atom (i.e., an atom wherein an electron is replaced by a negatively charged particle such as a − , K − , or p). Metastable states in the n = 37-40 and ᐉ = 34-36 region each contained P ͑n,ᐉ͒ ͑t =0͒ = 0.1-0.5% of the antiprotons stopped in the helium target, whereas the n ജ 41 region contained relatively little metastable population. The population in state ͑n , ᐉ͒ = ͑37, 34͒ was destroyed by collisions with helium atoms at high target densities (the average lifetime of its population decreasing from avg =3 to Ͻ0.5 s as the atomic density was increased from =2ϫ 10 20 to 1.2ϫ 10 22 cm −3 ), while the lifetimes of two other states ͑39, 35͒ and ͑38, 35͒ remained relatively unchanged. This behavior of the individual states affected the overall lifetime of pHe + against annihilation: as the target density was increased from =6 ϫ 10 20 to 2 ϫ 10 22 cm −3 , a short-lived component appeared at early times in the delayed annihilation time spectrum, while the yield of metastable atoms decreased from 3.0 to 2.5%. The primary populations derived here will be used to normalize the results of a new series of experiments [12, 59, 60] carried out at the AD.
